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Abstract

In humans, relapse to unhealthy eating habits following dieting is a significant impediment to
obesity treatment. Food-associated cues are one of the main triggers of relapse to unhealthy eating
during self-imposed abstinence. Here we report a behavioral method examining cue-induced
relapse to food seeking following punishment-induced suppression of food taking. We trained
male rats to lever press for food pellets that were delivered after a 10-s conditional stimulus (CS)
(appetitive). Following training, 25% of reinforced lever presses resulted in the presentation of a
compound stimulus consisting of a novel CS (aversive) and the appetitive CS followed by a pellet
and footshock. After punishment-imposed abstinence, we tested the rats in an extinction test where
lever pressing resulted in the presentation of either the appetitive or aversive CS. We then
compared activity of lateral hypothalamus (LH) and associated extrahypothalamic regions
following this test. We also assessed Fos expression in LH orexin and GABA neurons. We found
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that cue-induced relapse of food seeking on test was higher in rats tested with the appetitive CS
compared to the aversive CS. Relapse induced by the appetitive CS was associated with increased
Fos expression in LH, caudal basolateral amygdala (BLA), and medial amygdala (MeA). This
relapse was also associated with increased Fos expression in LH orexin and VGAT-expressing
neurons. These data show that relapse to food seeking can be induced by food-associated cues
after punishment-imposed abstinence, and this relapse is associated with increased activity in LH,
caudal BLA, and MeA.
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A key cause of the current obesity epidemic is the excessive consumption of unhealthy foods
(Little, Horowitz, & Feinle-Bisset, 2007; Torres & Nowson, 2007). Relapse to unhealthy
eating behaviors during dieting is one of the fundamental impediments to the successful
treatment of this disorder (Brownell & Kramer, 1989; Calu, Chen, Kawa, Nair, & Shaham,
2014; Peterson & Mitchell, 1999; Skender et al., 1996). One of the main triggers of relapse
during dieting is exposure to food-associated cues, such as TV advertisements (Kayman,
Bruvold, & Stern, 1990; McGuire, Wing, Klem, Lang, & Hill, 1999). Such food-associated
cues can provoke eating behaviors in the absence of hunger and metabolic need in both
humans and rodent models (Birch, McPhee, Sullivan, & Johnson, 1989; Cornell, Rodin, &
Weingarten, 1989; Holland, Petrovich, & Gallagher, 2002; Petrovich, Set-low, Holland, &
Gallagher, 2002; Weingarten, 1983).

The reinstatement model, which has been used extensively to study relapse to drugs of abuse
(Bossert, Marchant, Calu, & Shaham, 2013; Shaham, Shalev, Lu, De Wit, & Stewart, 2003;
Venniro, Caprioli, & Shaham, 2016), has been adapted to study the neural mechanisms of
relapse to palatable food seeking (Calu et al., 2014; Nair, Adams-Deutsch, Epstein, &
Shaham, 2009). Like reinstatement of drugs of abuse, extinguished food seeking can be
reinstated by food-associated cues, stress, or priming with food (Calu et al., 2014; Ghitza,
Gray, Epstein, Rice, & Shaham, 2006; Nair et al., 2009). In this study, we sought to address
a potential limitation of these models, the use of extinction to suppress reward seeking
(Caprioli et al., 2015; Epstein, Preston, Stewart, & Shaham, 2006; Marchant, Khuc, Pickens,
Bonci, & Shaham, 2013). Excessive food consumption, or overeating, is associated with an
increased incidence of obesity, resulting in adverse health consequences (Klein et al., 2004).
These adverse health consequences often motivate individuals to refrain from poor eating
habits (Capaldi, 1996). In animal models, extinction does not adequately capture this aspect
of excessive eating. To incorporate these negative consequences, we employed a punishment
procedure to suppress food-reinforced operant responses (Azrin & Holz, 1966). In our
previous studies using alcohol-trained rats, we used response-contingent punishment in a
different context from alcohol self-administration to suppress alcohol taking (Marchant et
al., 2013; Marchant et al., 2014; Marchant et al., 2016). In this study, we used two different
response-contingent discrete cues to signal food reward or punishment, and reinstatement
was induced by presentation of the food-associated cue after punishment-imposed
suppression of food taking.
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Brain regions important for feeding and food seeking prompted by food-associated cues
include the lateral hypothalamus (LH) and basolateral amygdala (BLA; Petrovich &
Gallagher, 2007). Using cue-potentiated feeding (Weingarten, 1983), Petrovich and
colleagues showed that projections from BLA to LH are activated by food-associated cues,
and lesions of these brain regions decrease cue-potentiated feeding (Petrovich, Holland, &
Gallagher, 2005; Petrovich et al., 2002). The role of BLA and LH in reinstatement of food
seeking is less well studied. Inactivation of BLA, with bupivacaine microinfusions,
potentiates cue-induced reinstatement of extinguished food seeking (McLaughlin &
Floresco, 2007). In terms of the LH, Nair, Golden, and Shaham (2008) examined the role of
the hypothalamic neuropeptide orexin (hypocretin; de Lecea et al., 1998; Peyron et al.,
1998) and demonstrated a reduction in food self-administration but not reinstatement of food
seeking, with systemic injections of the orexin receptor 1 antagonist SB-334867. Given the
role of BLA and LH in cue-potentiated feeding, we sought to examine their activity during
cue-induced relapse to food seeking after punishment.

In this study, we examined the neural mechanisms of relapse to food seeking after
suppression of food taking by adverse consequences (i.e., punishment). We first used a food
self-administration procedure where a lever press resulted in the presentation of a 10-s
conditioned stimulus (CS) followed by a food pellet reward. Then, in the next phase of
training, we punished the operant response with mild footshock preceded by a compound
stimulus comprising the initial food-associated appetitive CS and an alternative CS (aversive
CS). After punishment-imposed suppression of food self-administration, we tested rats for
cue-induced relapse in either conditioned reinforcement (appetitive CS) or conditioned
punishment (aversive CS) tests. With this design, our aim was to measure neuronal activity
that is associated with cues that signal the consequence (reward or punishment) of food
seeking on test. We first used immunohistochemical detection of Fos-protein to measure
brain activity in rats tested with either the appetitive CS or the aversive CS. We focused on
several brain regions known to be responsive to appetitive and aversive cues, including LH,
amygdala, nucleus accumbens (NAc), and periaqueductal gray (PAG; Nasser & McNally,
2013). Given the abundant literature implicating a role for orexin and recent evidence of a
role of GABA in food-seeking behaviors (Jennings et al., 2015; Petrovich, Hobin, &
Reppucci, 2012), we also characterized the phenotype of Fos-positive neurons in LH,
focusing on orexin (hypocretin) and GABA.

Subjects and Apparatus

Male (n = 22, ~300 g, ~8 weeks old) Long-Evans rats were obtained from Charles River. All
rats were housed singly under reverse 12-hr light/dark cycle (lights off at 0800) with food
and water available ad libitum. All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals (8th edition) and were approved by the
Animal Care and Use Committee. Standard operant chambers (Med Associates, Georgia,
VT) enclosed in a ventilated sound-attenuating cubicle illuminated by a house light were
used for food self-administration. Each chamber was equipped with one retractable lever
(designated as “active”) and one nonretractable lever (designated as “inactive”). Grid floors
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were connected to shockers. The stimuli used as appetitive and aversive cues were a white
cue light (7.5 W white light) and a tone (2,900 Hz, 20 dB above background); both were
located above the active lever.

Behavioral Procedure

All rats were given two 1-hr magazine-training sessions where one food pellet (Test Diet, 45
mg, cat. 1811155) was delivered noncontingently every 2.5 min. No cues were present
during magazine training. Subsequently, rats were trained for twelve 1-hr self-administration
sessions (6 days/week) under a fixed-ratio 1, fixed-interval 20 schedule of reinforcement
where an active lever press resulted in the delivery of the 10-s appetitive CS (either light or
tone counterbalanced), and the food pellet was delivered when the CS turned off. This was
followed by a 10-s timeout period where lever presses were recorded but not reinforced. The
initiation of each session was signaled by the illumination of the house light and the
insertion of the active lever into the chamber. Inactive lever presses had no programmed
consequences. Following FI-20 training, rats were given two 1-hr sessions of punishment,
during which 25% of reinforced lever presses resulted in the presentation of the appetitive
CS in compound with the aversive CS for 10 s followed by both pellet delivery and a 0.5-s
footshock (0.5 mA). The footshock intensity was based on our previous studies (Marchant et
al., 2013; Marchant et al., 2016). The remaining 75% of reinforced lever presses led to the
appetitive CS and pellet delivery.

Cue-induced food-seeking test.—Rats were then tested for cue-induced food seeking
(active lever presses under extinction conditions) in one 1-hr session. During the test, an
active lever press resulted in the 10-s CS (appetitive or aversive) with no food or footshock
delivered. See Figure 1. During the test session, we used freezing to assess fear expression in
a subset of rats (7= 3) from each group. We manually scored freezing during the 10-s CS
presentation from a video recording of the test session. Freezing was defined as the absence
of movement other than that required for breathing for at least 2 s (Blanchard & Blanchard,
1969; Nasser & McNally, 2012); fear was scored as either freezing or not freezing during the
10-s CS presentation.

Tissue Harvesting and Immunohistochemistry

One and a half hours following the initiation of the final test session, rats were deeply
anesthetized with isofluorane and transcardially perfused with ~100 ml of 0.1M
Diethylpyrocarbonate (DEPC)-treated phosphate buffer (PB) followed by ~400 ml of 4%
paraformaldehyde in 0.1M PB (pH 7.4). A subset of rats was sacrificed directly from the
home cage as a no-test control. Brains were removed and postfixed in 4% paraformaldehyde
for 2 hr, then transferred to 18% sucrose in 0.1M DEPC-treated phosphate buffer (pH 7.4)
for 48 hr at 4 °C. Brains were sagittally sectioned through the midline and stored at —80 °C
until sectioning. Serial (40 um) coronal sections of the right hemisphere were sectioned for
immunohistochemistry using a Leica Microsystems cryostat and stored in 0.1M sodium
phosphate (pH 7.4) containing 0.1% sodium azide at 4 °C. Serial (16 pm) coronal sections of
the left hemisphere were sectioned into DEPC-treated PB, and sections were stored at

—80 °C for in situ hybridization (see below).
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Immunohistochemical staining of fos-protein and orexin.—A 1-in-4 series of the
hypothalamus, amygdala, PAG, and NAc regions was processed for immunohistochemical
detection of Fos-protein and orexin. Free-floating sections were rinsed for 30-min in
phosphate-buffered saline (PBS) followed by two 30-min washes in 50% ethanol with the
second wash containing 3% hydrogen peroxide and then incubated for 30 min in a blocking
solution containing 5% normal horse serum (NHS) in PBS. Sections were then incubated for
at least 48 hr at 4 °C in PBS-tx with 2% NHS, rabbit antic-Fos primary antibody (1:8,000,
Phospho-c-Fos, 5348S; Cell Signaling). Following Fos primary incubation, sections were
rinsed in PBS and incubated for 2 hr in biotinylated donkey antirabbit 1gG (1:1,000,
711-065-152; Jackson ImmunoResearch) diluted in 2% NHS PBS-tx. The secondary
antibody was rinsed off with PBS, and sections were incubated for 1 hr in ABC reagent
(\Vector Laboratories). Following this, sections were incubated in 0.1M sodium acetate with
0.025% diaminobenzodine (DAB) in 2% nickel sulfate containing 2 mg/ml D-glucose and
0.4 mg/ml ammonium chloride for 10 min before adding glucose oxidase (0.2 ~I per ml of
solution) to visualize Fos. The reaction was stopped after ~10 min with sodium acetate
washes. Sections were then rinsed in PBS followed by a 30-min wash in 0.3% hydrogen
peroxide. Sections were then incubated for 1 hr in a blocking solution containing 5% NHS
and 4 drops/ml of avidin blocking (Vector) in PBS-tx. Sections were incubated for ~48 hr at
4 °C in PBS-tx with 2% NHS, 4 drops/ml biotin (Vector), and rabbit antiorexin-A primary
antibody (1:10,000, H-003-30; Phoenix). Following orexin-A primary incubation, sections
were rinsed in PBS and processed in a similar manner to the Fos using biotinylated donkey
antirabbit 1gG (1:1,000, 711-065-152; Jackson ImmunoResearch) as the secondary for
orexin. The DAB step of this reaction occurred without nickel sulfate in order to visualize
orexin as a brown reaction product. Finally, sections were mounted onto gelatin-coated glass
slides, air dried, and cover-slipped.

Image acquisition and neuronal quantification.—For orexin + Fos, we digitally
captured bright-field images of immunoreactive (IR) cells in the different brain areas using
an EXi Aqua camera (QImaging) attached to a Zeiss Axio Scope 2, Axio Imager M2. We
captured and analyzed the images using iVision (Biovision). Each image analyzed
comprised five images through the z plane that was digitally collapsed using iVision, giving
a single plane view of in-focus cells. For each rat, Fos-positive cells were quantified in the
BLA (rostral sections were Bregma —2.52 to —2.76, caudal sections were Bregma —2.92 to
-3.12), central amygdala (CeA; Bregma —2.52 to —3.0), medial amygdala (MeA; Bregma
-2.64 to —2.92), hypothalamus (Bregma —2.64 to —2.92), paraventricular thalamus (PVT;
Bregma -2.64 to —2.92), NAc (Bregma 1.62 to 1.92), and PAG (Bregma —6.48 to —6.60).
Orexin-positive cells were quantified in the perifornical/LH area (Bregma —2.64 to —2.92)
and the dorsomedial hypothalamus (DMH; Bregma —2.64 to —2.92; Figure 5A). Counting
was performed by manual identification of total orexin-IR, Fos-IR, and orexin + Fos-IR cells
by an observer that was blinded to experimental conditions.

For in situ hybridization of LH sections for vesicular GABA transporter (VGAT) and Fos,
we used a subset of animals (7= 6) to examine hypothalamic VGA messenger RNA

(mRNA) expression. Serial 16-um coronal LH sections of the left hemisphere were rinsed
and treated with 0.2N HCL, rinsed, and then acetylated in 0.25% acetic anhydride in 0.1M

Behav Neurosci. Author manuscript; available in PMC 2019 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Campbell et al.

Page 6

triethanolamine. Subsequently, sections were rinsed and postfixed with 4%
paraformaldehyde, rinsed, and then incubated in a hybridization buffer for 2 hr at 55 °C.
Hybridization was then performed by in situ hybridization for radioactive detection of
VGAT mRNA (vesicular GABA transporter) using previously detailed methods (Yamaguchi,
Sheen, & Morales, 2007; Yamaguchi, Wang, Li, Ng, & Morales, 2011). For in situ
hybridization, sections were hybridized for 16 hr at 55 °C with [3°S]-and [33P]-labeled (107
c.p.m./ml) single-stranded antisense probes for VGAT (mouse VGAT probe: nucleotides 1-
2,814; GenBank accession code: BC052020). Following hybridization, sections were treated
with 4 pg/ml RNAse A at 37 °C for 1 hr, washed with 1x saline-sodium citrate and 50%
formamide for 1 hr at 55 °C, and then with 0.1 x saline-sodium citrate at 68 °C for 1 hr.
Subsequently, sections were incubated for 2 days in rabbit antic-fos (1:500, SC-52; Santa-
Cruz Biotechnology), rinsed with PBS, incubated for 1 hr with biotinylated goat antirabbit
secondary antibody, rinsed with PB, and then incubated for 1 hr at reaction time in avidin-
biotinylated horseradish peroxidase (1:200, ABC kit; Vector Laboratories). Sections were
then rinsed and the peroxidase reaction was developed with 0.05% 3,3’-DAB
tetrahydrochloride and 0.003% H,0O,. The tissue was then mounted on coated slides and
photographed under bright-field illumination. Finally, slides were dipped in lliford K.5
nuclear tract emulsion (Polysciences; 1:1 dilution in double-distilled water) and exposed in
the dark at 4 °C for 3-4 weeks before development and photographs of silver-grain
epiluminescence.

Study and consent procedures were approved in accordance with the National Institute on
Drug Abuse Animal Care and Use Committee (protocol number 14-BNRB-175).

Data Analysis

Training and punishment data were analyzed using a repeated-measures analysis of variance
(ANQOVA) examining a main effect of session. For the behavioral test, the dependent
variables were the total number of active lever presses, the number of normalized head
entries during the cue; the number of inactive lever presses during testing was used as a
covariate in the analyses to statistically control for the nonspecific (training independent)
lever presses during the test. Normalized head entries were determined by calculating the
number of head entries during the cue divided by the number of cues presented for each rat.
In a subset of rats (n7= 3/group), we assessed the percentage of time spent freezing
throughout the cue-induced relapse test by calculating the total time spent freezing divided
by the number of cues presented for each rat. We analyzed the immunohistochemical data
with total cell counts of a given brain region as the dependent variable. We analyzed the
number of Fos-positive cells, orexin-positive cells, and double-labeled cells using a mixed
ANOVA with the within-subjects factor of brain region and the between-subjects factor of
test cue (no test, aversive, appetitive). We subsequently analyzed main effects using one-way
ANOVAs. We used Pearson’s correlations to examine the relationship between total Fos and
behavioral responses to cue-induced food seeking after punishment.

Methods for analysis of in situ hybridization material have been described previously (Root
et al., 2014). Radioactive in situ material was analyzed using epiluminescence to increase
the contrast of silver grains, as described previously (Yamaguchi et al., 2011). Photographs
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of Fos-protein labeling (detected by brown DAB label) were overlaid with epiluminescent
photos of silver grains and DAB labeling, as well as with dark-field images of silver grains
(see Figure 6). For the radioactive in situ hybridization, a c-Fos-positive cell was considered
to express VGAT when its c-Fos-positive nucleus contained concentric aggregates of silver
grains that exceeded background levels. We performed all statistical analyses using IBM
SPSS Version 21 and followed up on significant main or interaction effects (p < .05) with
Fisher Protected Least Significant Difference (PLSD) post hoc tests. We present the data in
the figures as mean = SEM.

Results

Training and Punishment

Rats reliably acquired food pellet self-administration in the sessions where lever press
resulted in presentation of the appetitive CS for 10 s followed by food pellet reinforcement
shown by a main effect of session (F11 176 = 18.0, p<.0001; Figure 2A). We found that
punishment of 25% of reinforced lever pressing resulted in a significant decrease in food
self-administration (/16 = 55.9, p <.0001; Figure 2A). During punishment, we observed
evidence for generalization between the appetitive cue and the compound appetitive/aversive
CS. Normalized food-cup entries during the appetitive CS significantly decreased compared
to during self-administration training (/1 16 = 28.4, p <.0001; Figure 1B).

Cue-Induced Reinstatement of Palatable Food Seeking After Punishment

We observed higher cue-induced reinstatement of palatable food seeking after punishment in
rats tested with the appetitive CS compared to the aversive CS. An analysis of covariance of
active lever presses (inactive lever presses as covariate) showed a significant effect of test CS
(F1, 15 =5.8, p =.029), and there was higher lever pressing in the rats tested with the
appetitive CS (Figure 2C). There was no effect of test CS on the number of inactive lever
presses (F1, 16 = 0.1, p =.777; appetitive CS average = 2.6 + 1.4, aversive CS average = 2.0
+1.6). An analysis of normalized food-cup entries showed an effect of test CS (£ 15 = 15.6,
p =.001) with rats having more food-cup entries during the appetitive CS compared to the
aversive CS (Figure 2D). An analysis of freezing behavior in a subset of rats from each
group during the cue showed no significant effect of test CS (/4 = 2.1, p =.217), but we
did observe a higher mean freezing behavior during the aversive CS compared to the
appetitive CS (Figure 2E). Additionally, there was no significant effect of test CS on latency
to the first lever press in the test session (£ 16 = 3.2, p=.092).

Fos Expression in Response to Cue-Induced Food Seeking After Punishment

Our initial analysis using the within-subjects factor brain region (DMH, LH, CeA, BLA,
MeA, PVT, NAc, PAG) and the between-subjects factor test CS showed a significant
interaction between the two factors (Fy4, 156 = 2.9, p <.0001). Each brain region was
subsequently analyzed with one-way ANOVAs. In LH, caudal BLA, and MeA, the number
of Fos-positive cells in the appetitive CS group was significantly higher than the aversive CS
group (p=.020, p =.026, p =.021, respectively; Figure 3A,B). In the DMH, LH, rostral
BLA, caudal BLA, and MeA, total Fos in the appetitive CS and the aversive CS groups was
significantly higher than the no-test group (p < .05; Figure 3A,B). In the NAc core and shell,
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total Fos was significantly higher in the appetitive CS versus the no-test group (p < .05), but
there was no significant difference between the aversive CS and the no-test groups (p > .05;
Figure 3D). There was no significant effect of test CS on total Fos in CeA, PVT, or any
subregion of the PAG (p > .05; Figure 3A-C).

Correlations Between Fos Expression and Additional Behavioral Measures During Cue-
Induced Food Seeking After Punishment

Correlation analyses showed a significant, positive correlation between the number of
aversive CS presentations and total Fos in caudal BLA, r =.709, p =.049; Figure 4A.
Correlations between aversive CS presentations and total Fos in LH, DMH, CeA, rostral
BLA, PAG, PVT, MeA, and NAc were not significant (p > .05). Additionally, the number of
appetitive CS presentations did not significantly correlate with total Fos in caudal BLA, r =.
212, p =.585; Figure 4B. The only significant correlation between appetitive CS
presentations and total Fos was a negative correlation in the lateral periaqueductal grey
(LPAG), r =-0.714, p =.031; all other brain regions were not statistically significant (p> .
05). We also observed a significant positive correlation between total food-cup entries during
test (for both groups of animals) and total Fos in LH, r =.508, p =.037; Figure 4C. Finally,
total food-cup entries did not correlate with total Fos in any other brain region examined (o
>.05).

Specific Recruitment of Hypothalamic Orexin Cells in Response to Cue-Induced Food
Seeking After Punishment

There were no differences observed in the total number of orexin-positive cells in either the
DMH or LH (/18 = 0.7, p =.490; Figure 5B.). Analysis of the number of Fos-positive
orexin cells with a within-subjects factor of brain region (DMH, LH) and a between-subjects
factor of test CS showed a significant main effect of test CS (F,, 15= 35.4, p <.001). Post
hoc analyses revealed that in the LH, the number of Fos-positive orexin cells in the
appetitive CS group was significantly higher than both the aversive CS and no-test groups (p
<.001; Figure 5C). In the DMH, the number of Fos-positive orexin cells in the appetitive
and aversive CS groups was significantly higher than the no-test group (p <.001; Figure
5C).

Expression of Fos in LH VGAT Neurons in Response to Cue-Induced Food Seeking After
Punishment

Consistent with the previous LH Fos data, we found that rats presented with the appetitive
CS had higher total Fos (r7=580) compared to rats presented with the aversive CS (n = 477).
Our in situ hybridization assay revealed that this increase was driven in part by recruitment
of LH GABAergic neurons in the appetitive CS group. A linear mixed model revealed that
the proportion of GABAergic neurons also positive for Fos was higher in the appetitive CS
group compared to the aversive CS group (significant fixed effect of test CS, Fy, 15 = 7.545,
p <.05). Accordingly, 58.94% + 5.96% (n = 350/580) of Fos-positive neurons in the
appetitive CS group were positive for VGAT mRNA compared to 42.58% + 4.21% in the
aversive CS group (n = 221/447) (Figure 6E). Further, 11.1% + 1.4% of all neurons positive
for VGAT mRNA in the appetitive CS group were also Fos positive, while only 8.4%

+ 2.4% of VGAT neurons in the aversive CS group were Fos positive.
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Discussion

In this report, we describe a procedure where cue-induced food seeking after punishment-
imposed suppression of food taking occurs when rats are tested for conditioned
reinforcement (presentation of the appetitive CS) compared to rats tested for conditioned
punishment (presentation of the aversive CS). We have also shown that a discrete cue
signaling punishment of a food-reinforced operant response can become associated with
punishment, causing suppressed food seeking during a conditioned-punishment test. Cue-
induced food seeking was associated with increased expression of Fos-protein in LH, caudal
BLA, and MeA. Furthermore, our characterization of the phenotype of Fos-positive neurons
in LH suggested that both orexin neurons and GABA neuron are activated by an appetitive
CS.

Cue-Induced Relapse to Palatable Food Seeking After Punishment-Imposed Abstinence

The reinstatement model has been used extensively to study relapse to drugs of abuse
(Bossert et al., 2013; Shaham et al., 2003;Venniro et al., 2016), and recent studies have
begun to examine this model in the context of natural rewards, such as palatable food pellets
(Calu et al., 2014; Nair et al., 2009). In this study, we used footshock punishment to
suppress food taking, a method previously established in our lab for alcohol relapse studies
(Marchant et al., 2013;Marchant et al., 2014; Marchant et al., 2016). However, whereas in
our alcohol relapse studies we used different contexts to signal reinforcement and
punishment, here we used response-contingent discrete cues to signal reinforcement or
punishment. In our study, food reinforcement was preceded by a 10-s CS, which is similar to
other studies looking at cue-induced reinstatement of extinguished food seeking (Floresco,
McLaughlin, & Haluk, 2008; McLaughlin & Floresco, 2007). The use of discrete cues in
this procedure, as opposed to immediate food reinforcement or shock punishment, allowed
us to assess the role of appetitive or aversive cues in cue-induced relapse. Our test results
show that rats tested with the appetitive CS displayed increased lever pressing and head
entries during the CS compared to rats tested with the aversive CS. Therefore, we have
shown that discrete cues can become associated with either reward or punishment and that
such cues can be used to promote or inhibit relapse to food seeking after punishment-
imposed suppression of food taking.

Role of LH in Cue-Induced Food Seeking After Punishment

LH function is typically associated with generating motivational drive for natural and drug
reward seeking (Marchant, Millan, & McNally, 2012; Stuber & Wise, 2016). For example,
early stimulation and lesion studies identified LH as critical for feeding (Anand & Brobeck,
1951; Margules & Olds, 1962; Olds & Milner, 1954). These data have been confirmed and
extended with recently developed cellular and molecular tools. For example, both chemo-
and optogenetic activation of LH GABA neurons increases feeding (Jennings et al., 2015). A
role for LH in mediating reward seeking induced by conditioned stimuli (e.g., contexts) is
also well established (Hamlin, Blatchford, & McNally, 2006; Hamlin, Newby, & McNally,
2007; Harris, Wimmer, & Aston-Jones, 2005; Marchant, Hamlin, & McNally, 2009;
Marchant et al., 2014). Furthermore, cue-potentiated feeding (Weingarten, 1983) is disrupted
by disconnection of the BLA-LH neural circuitry (Petrovich et al., 2002). In the present
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study, we found that cue-induced food seeking after punishment is associated with increased
Fos-protein activity in the LH and that the number of food-cup entries on test (regardless of
the tested CS) was positively correlated with LH Fos-protein expression. Therefore, our data
further demonstrate that LH is involved in mediating cue-reward associations that have the
ability to promote food-seeking responses.

The hypothalamic peptide orexin (hypocretin) has been implicated in reward seeking for
both drug and natural rewards (Aston-Jones et al., 2010; Harris et al., 2005). Here we
observed increased Fos-protein expression in LH orexin neurons in rats tested with the
appetitive CS compared to rats tested with the aversive CS. Studies using cue-potentiated
feeding have also demonstrated a role for LH orexin neurons in promoting food intake.
Petrovich et al. (2012) found that orexin neurons in the perifornical area are activated in
response to food-associated cues and have recently demonstrated that systemic injections of
the orexin-1 receptor antagonist, SB-334867, reduces cue-induced feeding behavior in sated
rats (Cole, Mayer, & Petrovich, 2015). Interestingly, Nair et al. (2008) reported that systemic
SB-334867 injections decreased food self-administration but had no effect on pellet priming
or yohimbine-induced reinstatement of extinguished food seeking, suggesting that LH
orexin may specifically represent the motivational significance of food-associated cues.
However, while several studies have shown that systemic SB-334867 injections reduce
reinstatement of drug seeking, but not food seeking, elicited by discriminative cues (James,
Yeoh, Graham, & Dayas, 2012; Martin-Fardon & Weiss, 2014), other studies have shown
that cue-induced reinstatement of extinguished saccharin seeking is reduced by systemic
SB-334867 injections (Cason & Aston-Jones, 2013).

With respect to LH GABA neurons, recent studies have identified a key role for these
neurons in consummatory behaviors (Jennings, Rizzi, Stamatakis, Ung, & Stuber, 2013;
Jennings et al., 2015; Navarro et al., 2016). Our in situ hybridization assay revealed
increased Fos-protein expression in LH GABA neurons (identified by VGAT mRNA
expression) in rats tested with the appetitive CS versus the aversive CS (see Figure 6). It is
interesting to note that in the rats tested with the appetitive CS, we observed increased Fos-
protein in LH GABA neurons but also observed increased Fos-protein in orexin neurons,
which predominantly express Vg/utmRNA (a marker of glutamatergic neurons; Rosin,
Weston, Sevigny, Stornetta, & Guyenet, 2003). This raises an interesting question: Why does
the appetitive CS recruit activation in both glutamatergic and GABAergic neurons? Both
populations project to the ventral tegmental area (VTA; Balcita-Pedicino & Sesack, 2007;
Nieh et al., 2016). Optical stimulation of LH GABA — VTA projections increases
consummatory and reward behaviors (Barbano, Wang, Morales, & Wise, 2016; Nieh et al.,
2016), and orexin in VTA plays a role in food reward (Borgland et al., 2009; Borgland, Taha,
Sarti, Fields, & Bonci, 2006). Further, it was recently shown that LH neurons target
glutamate, GABA, and dopamine neurons in the VTA (Faget et al., 2016). Therefore, LH
glutamate and GABA may converge on different populations of VTA neurons to produce
increased consummatory behaviors. Future studies are required to describe the presynaptic-
postsynaptic relationships by which glutamate/orexin and GABA from LH can both cause
increased motivated behavior.
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Role of BLA in Cue-Induced Food Seeking After Punishment

While there is a wealth of evidence implicating BLA in fear conditioning (LeDoux, 2007),
appetitive conditioning and instrumental behavior are also critically dependent on BLA
function (Balleine & Killcross, 2006; Cador, Robbins, & Everitt, 1989; Gallagher &
Holland, 1994; Janak & Tye, 2015; Robbins, Cador, Taylor, & Everitt, 1989). In this study,
we found that both rostral and caudal BLA had significantly higher Fos-protein expression
in rats tested with either CS compared to rats not tested. \We propose that different
populations of BLA neurons are activated by the appetitive or aversive CS. While our
methodology (Fos-protein immunohistochemistry) does not allow us to answer this question
directly, our finding of a significant positive correlation between caudal BLA Fos and
aversive CS presentations but not appetitive CS presentations (see Figure 4) suggests that the
pattern of activation is different depending on the motivational valence of the CS. Indeed,
recent evidence has identified that specific, largely nonoverlapping, BLA neuronal
populations encode either positive or negative outcomes (Beyeler et al., 2016; Namburi et
al., 2015). Additional studies, such as those specifically manipulating activated neurons
(e.g., Bossert et al., 2011; Cruz et al., 2013; Koya et al., 2009), are required to resolve this
issue.

In caudal BLA, we found a significant increase in Fos expression in rats tested with the
appetitive CS compared to rats tested with the aversive CS, suggesting a role for caudal BLA
in cue-induced relapse to food seeking after punishment. However, several studies have
shown that caudal BLA is involved in behavioral suppression (Jean-Richard-Dit-Bressel &
McNally, 2015; McLaughlin & Floresco, 2007; Millan, Reese, Grossman, Chaudhri, &
Janak, 2015). While we did not observe specific Fos activation in caudal BLA in rats tested
with the aversive CS compared to the appetitive CS, the finding of increased Fos in this
group compared to rats not tested shows that the aversive CS recruited the caudal BLA. We
propose that one potential reason for this difference is that divergent projections from caudal
BLA to LH or NAc shell exert opposing effects on food seeking. In support of this
hypothesis, there are dense projections from caudal BLA to LH (Hamlin, Clemens, &
McNally, 2008; Yoshida, McCormack, Espana, Crocker, & Scammell, 2006) and to NAc
shell (Brog, Salyapongse, Deutch, & Zahm, 1993; McDonald, 1991). BLA—LH projections
have been demonstrated as critical for cue-potentiated feeding (Petrovich et al., 2002;
Petrovich et al., 2005). Furthermore, Sun et al. (2015) have shown in humans that food-
associated cues in sated but not hungry subjects increased activity in the amygdala, which
was linked to activity in the hypothalamus. In contrast, Millan et al. (2015) demonstrated
that inactivation of caudal BLA or NAc shell causes increased alcohol seeking in the
absence of conditioned cues, suggesting that the caudal BLA—NAc shell pathway is
important for inhibition of reward seeking.

Role of MeA in Cue-Induced Food Seeking After Punishment

Research has traditionally focused on the role of the basolateral and central nuclei of the
amygdala in cue-induced food seeking, with limited research examining the MeA. Previous
research suggests that the MeA is activated when an animal experiences psychological stress
such as loud noise or restraint (Dayas, Buller, Crane, Xu, & Day, 2001), and lesion studies
have determined that MeA is necessary for the hypothalamic-pituitary-adrenal axis response
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to psychological stressors (Dayas, Buller, & Day, 1999). In our study, we observed increased
Fos-protein expression in the MeA in rats tested with the appetitive CS. One possibility is
that because cue-induced relapse testing occurred under extinction conditions, MeA
recruitment by the appetitive CS group was due to psychological stress or frustration
(Amsel, 1958; Konorski, 1967), caused by the nonreinforced extinction test. However, Blair
(2004), suggested that modulation of the hypothalamus by the MeA can occur as a function
of appetitive cues. Indeed, there is accumulating evidence of a role for the MeA in food
seeking (Padilla et al., 2016; Xu et al., 2015). Further, MeA neurons synapse onto LH orexin
neurons (Sakurai et al., 2005), providing anatomical connectivity for such a relationship. We
propose that future research should not discount the importance of MeA and its projections
in reward- and stress-related behaviors.

Conclusions

In summary, we have described a procedure where response-contingent discrete cues
predictive of reward or punishment can promote or inhibit food seeking after punishment-
imposed suppression of food taking. We propose that this procedure can be used to examine
the neural substrates of cue-induced relapse to palatable food seeking after punishment-
imposed abstinence. Using expression of Fos as a marker of neuronal activity, we show that
cue-induced food seeking after punishment is associated with increased activation of caudal
BLA, LH, and MeA. Furthermore, in LH, we observed increased activation of both LH
orexin and GABA neurons, further implicating these systems in food seeking maintained by
food-associated stimuli.
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A Behavioral procedure
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Figurel.
Experimental design. (A, B) Outline of the experimental procedure. Phase 1 involved 2 x 1-

hr magazine training sessions where one food pellet was delivered noncontingently every 2.5
min. In Phase 2, rats were trained to self-administer food pellets during 12 x 1-hr fixed-ratio
1 (FR-1) sessions where each lever press resulted in a 10-s conditioned stimulus (appetitive
conditional stimulus [CS]) followed by a food reward and a 20-s timeout (TO) period. In
Phase 3, rats had 2 x 1-hr punishment sessions where 25% of reinforced responses resulted
in the presentation of the appetitive CS compounded with a novel aversive CS for 10 s
followed by a 0.5-mA footshock, a food pellet, and a 20-s TO. The remaining 75% were
identical to Phase 2. In Phase 4, rats were exposed to either the appetitive CS or the aversive
CS during a 1-hr extinction test where neither food nor footshock was available.
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Cue-induced food seeking after punishment. (A) Following two 1-hr magazine training
sessions, average number of active lever presses and food pellet deliveries during food self-
administration training with an appetitive conditioned stimulus (CS) and punishment with an
aversive CS. (B) The number of food-cup entries during the appetitive CS throughout self-
administration training and punishment (C, D). Total number of active lever presses and
food-cup entries during a 1-hr test of cue-induced food seeking after punishment (E). The
percentage of time spent freezing during the appetitive or aversive CS throughout the 1-hr
test. * p <.05; punishment Sessions 1 and 2 (P1, P2). Appetitive CS group, /7 =10; aversive
CS group, n =8. Freezing behavior appetitive CS group, /7 =3; aversive CS group, 17 = 3.
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Figure 3.

Fos expression after cue-induced food seeking after punishment. (A) In the caudal
basolateral amygdala (cBLA) and the medial amygdala (MeA), rats tested with the
appetitive conditioned stimulus (CS) had significantly higher numbers of Fos-positive cells
compared to rats tested with the aversive CS. In the rostral BLA (rBLA), cBLA, and MeA,
no-test rats had lower numbers of Fos-positive neurons compared to rats exposed to the
appetitive and aversive CS. No differences in the number of Fos-positive cells across
treatment groups was observed in the central amygdala (CeA). (B) Rats tested with the
appetitive CS had significantly increased numbers of Fos-positive cells in the lateral
hypothalamus (LH) compared to rats exposed to the aversive CS. Additionally, no-test rats
had significantly lower numbers of Fos-positive cells in both the LH and dorsomedial
hypothalamus (DMH) compared to rats tested with either an appetitive or aversive CS. (C)
There were no significant differences in the number of Fos-positive cells across treatment
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group in the paraventricular thalamus (PVT). (D) There were no significant differences
across treatment groups in the number of Fos-positive neurons in any subregion of the
periaqueductal gray (PAG), including the dosomedial (dmPAG), dorsolateral (dIPAG), lateral
(IPAG), and ventrolateral (VIPAG) regions. In the nucleus accumbens shell and core, the no-
test group had lower numbers of Fos-positive cells compared to the appetitive CS group. * p
<.05, # p <.05, no-test group significantly different from both the appetitive and aversive
CS groups; $ p <.05, no-test group significantly different from the appetitive CS group.
Appetitive CS group, 7= 9; aversive CS group, 7= 8; no-test group, 7= 4; f = fornix; ac =
anterior commissure.
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LH Fos neurons
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Correlations between behavior on test and total Fos. (A) A significant, positive correlation
was found between caudal basolateral amygdala (cBLA) Fos and aversive conditioned
stimuli (CS) presentations (B). There was no significant relationship between cBLA Fos and
appetitive CS presentations (C). Lateral hypothalamus (LH) Fos was positively correlated
with the number of food-cup entries in all rats. * p <.05. Appetitive CS group, 7 =8;

aversive CS group, n =8.
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Figureb.
Fos expression in orexin neurons during cue-induced food seeking after punishment. (A)

Photomicrograph representing the hypothalamic subregions, including the lateral
hypothalamus (LH) and dorsomedial hypothalamus (DMH) as well as a representative image
of our Fos-orexin double-label immunohistochemistry. (B) There was no significant
difference in the total number of orexin-positive cells across test cue groups in either the LH
or DMH. In the LH, rats tested with the appetitive conditioned stimulus (CS) had a
significantly greater percentage of Fos-positive orexin cells compared to those tested with
the aversive CS. (C) In both LH and DMH, the no-test group had significantly lower
percentages of Fos-positive orexin cells compared to rats tested with either the appetitive or
aversive CS. * p <.001, #p <.001, no-test group significantly different from both the
appetitive and aversive CS groups. Appetitive CS group, 7 =9; aversive CS group, /7 =8; no-
test group, n =4.
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Figure 6.

Fos expression in vesicular GABA transporter (VGAT) messenger RNA (mRNA) neurons
during cue-induced food seeking after punishment. (A, B) Photomicrograph illustrating
immunohistochemical detection of Fos-protein (A) and in situ hybridization detection of
VGAT mRNA (B) in lateral hypothalamus (LH). (C) A high-power photomicrograph of a
representative VGAT-negative, Fos-positive neuron (D). A high-power photomicrograph of a
representative VGAT-positive, Fos-positive neuron (E). We found increased Fos-protein
expression in LH neurons expressing VGAT mRNA in rats tested with the appetitive
conditioned stimulus (CS) compared to the aversive CS. Appetitive CS group, 7 =3;
aversive CS group, 7 =3. DMH = dorsomedial hypothalamus; f = fornix; ot = optic tract; ic
= internal capsule. * p <.05.
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